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In recent design codes, there is a trend towards more slender
elements and lighter structural systems. Accordingly, the sta-
bility problem becomes one of the most important design. Mohamadain).
y. Production and hosting by
Shams University.
lsevierand safety considerations in structural engineering. Several
text books and researches have treated this subject in the last
few decades. See for example [1–4] for the elastic and [5–9]
for the inelastic stability of framed structures. It is also well
known that temperature rise induces geometrical effects (ther-
mal expansion) in addition to material degradation (stiffness
loss) in the structural elements; causing drastically reductions
in the carrying capacity and overall stability of structures. Tak-
ing all these aspects into account and keeping eye on trapezoi-
dal frames as a common type of steel structures, the authors
carried out an extensive literature review. It was found that
only few researches studied the stability of trapezoidal frames
[10–12]. Furthermore, it is not well understood so far how the
thermally-induced changes in material properties inﬂuence the
structural behavior of trapezoidal frames at elevated tempera-
tures. It is the intention of this research to study this subject,
with respect to the optimum frame geometry, support condi-
tions, critical temperature, and thermal exposure.
Nomenclature
½  denotes a matrix
f g denotes a column vector
½Ke element stiffness matrix
½Kg geometrical stiffness matrix
½KT tangential stiffness matrix
fdFg nodal force vector
fdFFe g ﬁxed-end force vector
fdDg displacements vector
fFTe g temperature ﬁxed-end force vector
A cross-sectional area
E Young’s modulus
E(T) elastic modulus at T C
Et effective tangent modulus
Et(T) effective tangent modulus at T C
Et,avg (T) average tangent modulus at T C
H height of frame
I moment of inertia
Kb bending stiffness of beam
Kc bending stiffness of column
L element length
Lb bottom width of trapezoidal frame
Lt top width of trapezoidal frame
Mp plastic moment capacity
N elemental axial force
P concentrated force
Pcr(20) buckling load of a trapezoidal frame at T= 20 C
Pcr(T) buckling load of a trapezoidal frame at T C
PRcr(20) buckling load of the reference rectangular frame at
T= 20 C
Py yielding axial load
rE effective stiffness ratio
RE(T) elastic modulus reduction function
Rf(T) yield stress reduction function
Tcr critical (failure) temperature
Zp plastic section modulus
a yield surface function
eT coefﬁcient of thermal expansion
g tangent modulus parameter
kcr inelastic buckling load factor
h inclination angle of column with the vertical
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Figure 1 End forces and displacements of a plane frame element.
22 M.A. Mohamadain et al.2. General stiffness relationship
Based on a previous work for 2D inelastic analysis of steel
structures at elevated temperatures [13], the stiffness method
is used for stability analysis.
2.1. Basic assumptions
The numerical procedure is based on the following
assumptions:
(1) Steel has the same stress–strain relationship in both ten-
sion and compression.
(2) Elements are initially straight, prismatic and with dou-
bly symmetric sections.
(3) All applied loads act in the plane of structure, and con-
sequently all displacements occur in the same plane.
(4) Cross sectional area is constant i.e. the axial and ﬂexural
rigidities along each element are uniform.
(5) Uniform heating across the sections is assumed.
(6) The structural behavior is not affected by the heating
rate and history.
(7) Plane sections remain plane after bending (Bernoulli’s
hypothesis).
(8) Small strains are assumed but large displacements are
allowed.
(9) Local and torsional instabilities are not considered.
(10) Connections are assumed to be fully rigid.
2.2. Force-displacement relationship
Since the stability analysis seeks the critical carrying capacity
of the frame, the total load is not initially predeﬁned. A
step-wise application of the applied loads is required. Accord-ingly, the basic force-displacement equation should be written
in the incremental form.
For the plane frame element shown in Fig. 1, the load-
displacement relationship can be expressed by:
½KTfdDg ¼ fdFg  fdFFe g ð1Þ
where the matrix [KT] is composed of two components and can
be written as:
½KT ¼
Xi¼n
i¼1
f½Kei þ ½Kgig ð2Þ
where [Ke] and [Kg] are the element and geometrical stiffness
matrices, respectively. The subscript i refers to the element
number, and n is the number of elements. Both matrices [Ke]
and [Kg] are formed in the global coordinate system. The ele-
ments of [Ke] and [Kg] referring to the local coordinated system
are given in Eqs. (2) and (3), respectively.
½Ke ¼ Et
A=L 0 0 A=L 0 0
12I=L3 6I=L2 0 12I=L3 6I=L2
4I=L 0 6I=L2 2I=L
A=L 0 0
Sym: 12I=L3 6I=L2
4I=L
2
6666664
3
7777775
ð3Þ
PP T
Figure 3 Frame element subjected to uniform heating.
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L
1 0 0 1 0 0
6=5 L=10 0 6=5 L=10
2L2=5 0 L=10 L2=30
1 0 0
Sym: 6=5 L=10
2L2=15
2
666666664
3
777777775
ð4Þ
The use of the geometrical stiffness matrix allows for
accounting the loss in lateral stiffness of compressed frame ele-
ments, until the overall instability of the frame takes place.
The effective tangent modulus Et which appears in Eq. (3),
is used to represent the deterioration in the elemental stiffness
due to degradation of the mechanical properties of steel at ele-
vated temperatures, and the penetration in the plastic zone.
The gradual stiffness reduction associated with residual stres-
ses is taken into account through the parameter g
(0 6 g 6 1.0) which was introduced by Chen and Chan [9].
This parameter is given as;
g ¼ 1:0 for 0 6 a 6 0:5
g ¼ 4að1 aÞ for 0:5 6 a 6 1:0 ð5Þ
The parameter a is expressed by: a ¼ M=Mp þ ðP=PyÞ1:3
(for bending stiffness components)
a ¼ ðP=PyÞ1:3 ðfor axial stiffness componentsÞ ð6Þ
where M and P are the resultant bending moment and axial
force, respectively, and:
Mp ¼ RfðTÞ  fy0  Zp ð7Þ
Py ¼ RfðTÞ  fy0  A ð8Þ
Accordingly, the tangent modulus of the cross-section will
be:
EtðTÞ ¼ g  REðTÞ  E0 ð9Þ
where RE(T) and Rf(T) are interpolation functions for the rec-
ommended reduction in the elastic modulus and effective yield
stress by Eurocode [14], which is shown in Fig. 2.
The tangent modulus of the element can be taken as the
average value of that calculated at its end points i and j as:
Et;agðTÞ ¼ Et;iðTÞ þ Et;jðTÞ
2
ð10Þ0.00
0.20
0.40
0.60
0.80
1.00
0 200 400 600 800 1000 1200
T ºC
Reduction in Elastic Modulus
Reduction inYield Stress
Figure 2 Material reduction factors based on Eurocode [14].Finally, the stiffness coefﬁcients of the element stiffness ma-
trix as given in Eq. (3), are calculated by replacing the modulus
Et with Et,avg(T). More details about implementation of the
tangent stiffness concept are given in [13].
2.3. Determination of the thermally-induced forces
As is shown in Fig. 3, the effect of thermal expansion in a
heated element can be treated as thermally-induced forces act-
ing at its ends, and it can be expressed as:
fFTe g ¼ eTEt;agðTÞ
A  T
0
0
A  T
0
0
2
666666664
3
777777775
ð11Þ2.4. Solution technique
In order to compute the inelastic critical carrying capacity of a
structure in this work, the loads are applied gradually at rela-
tively small increments. The change in deformations and the
subsequent changes in internal forces that occur during every
load step are corrected using the Newton-Raphson technique.
The stability condition is checked every time the tangential
stiffness matrix is updated. The instability failure of the frame
is supposed to occur at the moment where the stiffness matrix
becomes singular.
3. Basic behavior of trapezoidal frames at elevated temperatures
Referring to the trapezoidal frame shown in Fig. 4, which is
subjected to two equal vertical loads each of 500 kN acting
at the corners and exposed to uniform temperature rise.
All members are IPE 360 with: E0 = 2 · 105 N/mm2 and
fy0 = 240 N/mm
2. The analysis is performed for both hinged
and ﬁxed base conditions, starting from the ambient tempera-
ture (T= 20 C) up to the failure temperature. The analysis
results are shown in Figs. 6–10.8.0 m
IPE 360
IP
E
36
0 IPE
360
20 °
500 kN500 kN
6.0 m
Figure 4 Example trapezoidal frame loads and conﬁguration.
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Figure 6 Variation of the corner displacement with temperature.
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Figure 7 Variation of the beam axial force with temperature.
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Figure 8 Variation of bending moments at the joints with
temperature.
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Figure 9 Tangent stiffness distribution of the hinged frame at
635 C.
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Figure 10 Tangent stiffness distribution of the ﬁxed frame at
625 C.
Figure 5 Typical deformed shape of trapezoidal frame subjected
to temperature rise.
24 M.A. Mohamadain et al.At ambient temperature, the resulting bending moments are
trivial, as the loads are resisted mainly by the axial stiffness of
the frame members. Temperature rise is associated with out-
ward deformations as a direct result of thermal expansion.
As shown in Figs. 5 and 6, the thermal deformations are much
larger than the initial deformations at ambient temperature.
The variations of axial force in the beam with temperature
are shown in Fig. 7. For the ﬁxed-base case, the axial force in
the beam increases slightly with temperature rise, while it is
almost unaffected for the hinged-base case. For temperatures
higher than 500 C, the material degradation reduces therestriction offered by the inclined columns, which in turn re-
lieves the thermally induced axial force in the beam.
The situation is quite different with respect to the bending
moments, as it can be seen from Fig. 8. Thermal expansion
causes considerable additional bending moments all over the
frame members. Hogging (negative) bending moments are in-
duced all over the frame, except near the ﬁxed bases where
the thermally induced moments are positive. These moments,
in addition to the material degradation, reduce to a great ex-
tent the buckling capacity of trapezoidal frames.
Table 1 Main parameters of analysis groups.
Group name Lt (m) H (m) Lt/H
Kb
Kc= cos h
h
GTA 3 6 0.5 2.0 0–45
GTB 6 6 1.0 1.0
GTC 12 6 2.0 0.5
GTD 6 12 0.5 2.0
Inelastic stability of steel trapezoidal frames at elevated temperatures 25Figs. 9 and 10 show the effective stiffness distribution rE of
the frame under consideration at failure temperature, for both
hinged and ﬁxed base conditions. In this analysis, rE is the ra-
tio of effective tangent modulus at T C to the elastic modulus
at the same temperature (i.e. rE = Et(T)/E(T)). For all base
conditions, the effective stiffness parameter rE= 1.0 allover
the beam, which means that the heated beam behaves elasti-
cally; even with a reduced value of elastic modulus at the fail-
ure temperature. This can be attributed to the fact that the
axial force generated in the beam throughout the whole tem-
perature range is relatively small. On the contrary, the heated
columns lose their structural stiffness partially or completely
(rE< 1.0), for both ﬁxed and hinged base conditions. The
resulting axial forces and the thermally induced bending mo-
ments in the columns exceed the elastic limit of steel at a par-
ticular temperature level, penetrating into the inelastic range.
This can be understood in context with Eqs. (6) and (9), gi-
ven earlier. Figs. 9 and 10 show also that the spread of plastic-
ity along the heated columns is much more severe for ﬁxed
base frames; especially in the vicinity of the bases.
4. Parametric study
Consider the trapezoidal frame with the load and geometrical
conﬁguration as depicted in Fig. 11, which is exposed to ele-
vated temperatures. The problem can be completely described
throughout the following parameters:
 The frame height H,
 The bottom width to top width ratio, which is replaced by
the column inclination angle h with the vertical.
 The temperature parameter T.
 The heating regime.
In this study, four groups of trapezoidal frames were ana-
lyzed; namely: GTA, GTB, GTC, and GTD. The characteristic
parameters of each group are given in Table 1.
As the frame height H and clear span (top width Lt) are
usually predeﬁned for the architectural purposes, both are cho-
sen as the main characteristics of each group in this study.
Then, the critical load carrying capacity kcr of the frame is
computed for different values of the other parameters; namely:
the inclination angle of columns h, as well as for different casesL
P P
H
L
θ
b
t
Figure 11 Typical trapezoidal frame and its describing
parameters.of temperature exposure. In this research kcr is deﬁned as the
ratio of the inelastic load carrying capacity of the trapezoidal
frame at elevated temperature to that of the reference rectan-
gular frame (where h= 0) at ambient temperature;
i.e.kcr ¼ PcrðTÞPRcrð20Þ. Except for the frame models given later in
Section 4.4, all models in this study were investigated under
a uniform temperature distribution for the whole frame.
Practical ranges were chosen for h and T [0 6 h 6 45 and
20 C 6 T 6 600 C]. The same IPE300 cross-section is chose
for the beam and the columns throughout the analysis for each
group.
4.1. Effect of column inclination
Figs. 12–15 show the inﬂuence of column inclination h on the
inelastic critical load carrying capacity kcr for the four groups:
GTA, GTB, GTC, and GTD when the frame bases are hinged
for different temperatures. For all groups, kcr increases with
the increase of h up to a certain inclination, beyond which it
decreases with any further increase of the column inclination
h. The optimum value of h associated with the maximum car-
rying capacity of the frame ranges from 12 to 20. The higher
the overall length of the frame members, the bigger the opti-
mum column inclination. It is also clear from Figs. 12–15 that
the optimum column inclination is almost the same for all tem-
peratures in every frame group. This means that the optimum
inclination of the columns of a trapezoidal frame, which gives
the maximum inelastic buckling load, seems to be a pure
geometrical proportioning problem; which is slightly sensitive
to material degradation. The maximum percentage increase
in kcr of the optimized trapezoidal frame ranges from 25%
to 50% higher than kcr when h= 0 for groups GTA, GTB
and GTC. The situation is much better for group GTD as this0.0
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0.6
0.8
1.0
1.2
1.4
0 5 10 15 20 25 30 35 40 45
λcr
Inclination θ °
20 100 200 300 400 500 600 C
Figure 12 Critical buckling load factor variation with column
inclination for group GTA.
Table 2 Inelastic failure loads of the reference rectangular
frames.
h= 0 PRcr (kN)
T C 20 100 200 300 400 500 600
GTA (hinged) 873 829 768 699 621 535 328
GTB (hinged) 801 750 682 612 542 474 287
GTC (hinged) 634 589 534 479 425 371 225
GTC (ﬁxed) 1150 1100 1040 980 930 630 398
GTD (hinged) 235 218 198 177 158 138 84
GTD (ﬁxed) 879 835 776 709 631 542 334
rEcol.= 0.44 (20 °C)
rEcol.= 0.49 (200 °C)
rEcol.= 0.58 (400 °C)
rEcol.= 0.55 (600 °C)
rEbeam = 1.0 (20~600 °C)
rEcol. rEcol.
Figure 16 Effective stiffness distribution of frame GTA
(h= 20).
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Figure 13 Critical buckling load factor variation with column
inclination for group GTB.
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Figure 15 Critical buckling load factor variation with column
inclination for group GTD.
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Figure 14 Critical buckling load factor variation with column
inclination for group GTC.
26 M.A. Mohamadain et al.percentage exceeds 150% higher than kcr of the corresponding
rectangular frame.
This can be attributed to the fact that the inelastic load car-
rying capacity PRcr for group GTD particularly is relatively
small, if compared with the other three groups as can be seen
from Table 2, as the columns are much more slender in group
GTD.
Column slenderness is a corner-stone in the inelastic buck-
ling behavior of the frame; because the columns resist themajority of the applied loads as explained earlier in the exam-
ple of Section 3.
Accordingly, if the columns are slender then the frame will
buckle elastically; while for sufﬁciently stocky columns, the ax-
ial stress will sooner or later overreach the elastic limit and the
failure will be due to inelastic instability.
Figs. 16 and 17 show the distribution of effective stiffness
rE for group GTA and GTD, as examples of the inelastic
and elastic buckling failures, respectively. The axial stresses
in both columns of group GTA penetrate into the inelastic
zone due to the combined action of the resulting heavy axial
forces together with the thermally-induced bending moments.
In this case, it can be seen from Fig. 16 that the residual tan-
gent stiffness in columns at failure decreases to reach only
0.44 of the initial stiffness at ambient temperature, while it
reaches 0.55 of the reduced initial stiffness at T= 600 C. This
means that the failure at both temperatures is inelastic.
Contrarily, the tangent stiffness at failure allover the frame
for group GTD, as shown in Fig. 17, keeps its initial elastic va-
lue throughout the whole temperature range. By reviewing the
values of rE under the chosen temperatures as given in Figs. 16
and 17, it can be deduced that the analysis at ambient temper-
ature offers a ﬁne estimation for the behavior of the frame at
elevated temperatures.
4.2. Effect of support type
Figs. 18 and 19 show the variation of kcr with column inclina-
tion h for the two groups GTC and GTD, for both ﬁxed-base
(shown as dotted lines) and hinged-base conditions (shown as
solid lines), for different temperatures. It is clear that the
rEcol.rEcol.
rEbeam = 1.0 (20~600 °C)
rEcol.= 1.0 (20~600 °C)
Figure 17 Effective stiffness distribution of frame GTD
(h= 20).
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Figure 18 Inelastic buckling load factor variation with column
inclination for group GTC – hinged and ﬁxed supports.
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Figure 19 Inelastic buckling load factor variation with column
inclination for group GTD – hinged and ﬁxed supports.
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Figure 20 Critical carrying capacity deterioration with temper-
ature for group GTC (hinged base).
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Figure 21 Critical carrying capacity deterioration with temper-
ature for group GTC (ﬁxed base).
Inelastic stability of steel trapezoidal frames at elevated temperatures 27increase in column inclination h, even at the optimal value,
does not improve the load carrying capacity of the frame con-
siderably when the base is ﬁxed, if compared with the situation
for hinged-base frames. The situation is even worse for frame
group GTC at elevated temperatures, as the load carrying
capacity of the frame deteriorates with any slight deviationof the columns from the vertical position. Therefore, it can
be said that the trapezoidal shape might be more favorable
to enhance the stability of frames resting on weak soil condi-
tions (i.e. for hinged bases), while it would not be the best
choice for hard soils where the base can be considered as ﬁxed.
Moreover, it can be said that the ﬁxation at column bases
might enhance the lateral stiffness, and hence the overall stabil-
ity behavior, of the frame more than the inclination can do.
This is quite obvious from the noticeable higher carrying
capacities of the frames when the bases are ﬁxed, as shown
in Table 2.
4.3. Effect of temperature rise
As stated earlier all frame models in this study were investi-
gated assuming a uniform temperature distribution all over
the frame members, except for the models that will be studied
is Section 4.4. Figs. 20–23 show the variation of kcr with
increasing temperature T. For the sake of comparison, the
reduction functions of elastic modulus RE(T) and effective
yield stress of steel Rf(T) are also depicted in the same ﬁgures.
The results of kcr shown in Figs. 20–23 were normalized by
dividing the critical load carrying capacity of any trapezoidal-
frame model at elevated temperature by its failure load at
ambient temperature.
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Figure 22 Critical carrying capacity deterioration with temper-
ature for group GTD (hinged base).
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Figure 23 Critical carrying capacity deterioration with temper-
ature for group GTD (ﬁxed base).
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Figure 24 Heating regimes for frame GTB; (a) entirely heated
(uniform), (b) heated beam, (c) heated columns, and (d) entirely
heated (non-uniform).
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Figure 25 Inelastic buckling load factor variation with temper-
ature increase for frame GTB (hinged base).
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Figure 26 Inelastic buckling load factor variation with temper-
ature increase for frame GTB (ﬁxed base).
28 M.A. Mohamadain et al.This is the reason why all the temperature-dependent re-
sponse curves of the frame models shown in Figs. 20–23 start
at kcr = 1.0. It is clear that the response curves for all models
follow the reduction function of the elastic modulus RE(T)
when the frame behaves elastically, while they tend to ap-
proach the reduction function of the effective yield stress
Rf(T) in the case of inelastic failure. Accordingly, the critical
carrying capacity of a trapezoidal frame at a speciﬁc elevated
temperature can be simply obtained by reducing its critical
capacity at ambient temperature throughout the reduction fac-
tor of the elastic modulus at the same temperature.
It should be noted that RE(T) is mostly less than Rf(T) at
the same temperature. This means that this rough estimation
of the critical carrying capacity of the frame at elevated tem-
perature throughout its capacity at ambient temperature will
be sufﬁciently accurate if the actual response of the frame is
elastic, while it represents a conservation, to the safe side, esti-
mation for the cases of inelastic response.
4.4. Effect of heating re´gime
The actual distribution of ﬁre-induced temperatures along the
frame members is usually non-uniform. The stability of frame
group GTB (with optimum inclination angle h= 15) was
investigated under the four different heating regimes shown
in Fig. 24.The results are represented in Figs. 25 and 26 with reference
to the critical carrying capacity of the frame at ambient tem-
perature. It can be seen that beam heating has a slight reducing
effect on the critical carrying capacity of the frame, while col-
umn heating is much more dangerous as it has almost the same
destructive effects on the carrying capacity like the case when
the frame is entirely heated. Furthermore, the reductions in
frame carrying capacity under non-uniform temperature distri-
bution are very close to those resulting from uniform temper-
ature distribution allover the frame.
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Figure 29 ULFM for determination the critical temperature of
GTEX frames (ﬁxed base).
Inelastic stability of steel trapezoidal frames at elevated temperatures 295. Demonstrative application
Stability analysis of frames at elevated temperatures can be ex-
tended to predict the critical temperature of a loaded frame,
using the Unit Load Factor Method ULFM. By this method,
which was ﬁrstly introduced by Wong and Patterson [15], the
limiting temperature at which the frame fails by elastic buck-
ling can be found. In the present work, the basic concept of
the ULFM is extended to compute the critical temperatures
associated with inelastic frame behavior. The method is de-
scribed through the following illustrative examples.
The frame group GTEX shown in Fig. 27 is designed
according to the Egyptian code ECP 205 [16].
Table 3 lists the outcome of design and critical temperature
analysis. Stability analyses are carried out at temperature steps
up to 700 C, and the temperature-dependent (kcr  T) re-
sponse curve is plotted.Optional beam 8.0 m
6.0 m
200 kN200 kN
15°
Figure 27 Geometry and load conﬁguration of the frame group
GTEX.
Table 3 Frame group GTEX deﬁnition.
Frame name Base type Designed section Mid-height beam Tcr
GTEX1 Hinged IPE300 Without 668
GTEX2 Hinged IPE200 With 565
GTEX3 Fixed IPE220 Without 640
GTEX4 Fixed IPE160 With 515
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0 100 200 300 400 500 600 700
Temperature °C
Without mid-height beam With mid-height beam
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Figure 28 ULFM for determination the critical temperature of
GTEX frames (hinged base).The essence of the ULFM is to determine the critical tem-
perature at which the frame fails under the service loads (i.e.
kcr = 1.0).
This temperature can easily be obtained by locating the
point of intersection of the horizontal line passing through
kcr = 1.0 with the response curve, as shown in Figs. 28 and 29.
6. Conclusions
This research was conducted to analyze the stability perfor-
mance of steel trapezoidal frames exposed to elevated temper-
atures. The analysis is based on the stiffness method and a
simpliﬁed nonlinear numerical model developed and published
earlier by the authors. The scope of the study covered various
geometrical conﬁgurations of trapezoidal frames, different
support conditions, and several distributions of temperature
along the frame members. The study was extended to explain
how to compute the critical temperature for loaded trapezoidal
frames, based on the unit load factor method. The following
conclusions could be drawn from the studies carried out on
trapezoidal frames subjected to elevated temperatures:
 Trapezoidal frames are a favorable choice that can enhance
the inelastic stability behavior of frames resting on weak
soil conditions where the column bases can be assumed to
be hinged. In this case, the optimal value of column inclina-
tion associated with the maximum carrying capacity of the
frame ranges from 12 to 20.
 The analysis at ambient temperature offers a ﬁne estimation
of the behavior of the frame at elevated temperature. More-
over, the critical carrying capacity of a trapezoidal frame at
a speciﬁc elevated temperature can be simply obtained by
reducing its critical capacity at ambient temperature
throughout the reduction factor of elastic modulus at the
same temperature. This simple estimation will be sufﬁ-
ciently accurate if the actual response of the frame is elastic,
while it represents a conservative estimation for the cases of
inelastic response.
 If the columns are slender then the trapezoidal frame will
buckle elastically; while for sufﬁciently stocky columns,
the frame failure will be due to inelastic instability. In the
latter case, the spread of plasticity along the heated columns
30 M.A. Mohamadain et al.will be much more severe for ﬁxed base frames; especially in
the vicinity of the bases.
 The heated beams in trapezoidal frames mostly behave elas-
tically; even with a reduced value of the elastic modulus at
the failure temperature. Furthermore, beam heating has a
slight reducing effect on the critical carrying capacity of
the frame. Contrarily, column heating is much more dan-
gerous and it reduces the carrying capacity of the frame
considerably.
 At the same value of elevated temperature, the deterioration
in carrying capacity of the frame under a non-uniform tem-
perature distribution is so close to the resulting deteriora-
tion if the entire frame is heated uniformly.References
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